Abstract-Airbome radar data acquired with a 13.3-GHz scatterometer over a test site near Colby, KS, were used to investigate the statistical properties of the scattering coefficient of three types of vegetation cover and of bare soil. A statistical model for radar data was developed that incorporates signal fading and natural within-field variabilities. Estimates of the within-field and between-field coefficients of variation were obtained for each cover type and compared with similar quantities derived from Landsat images of the same fields. The second phase of this study consisted of evaluating the classification accuracy provided by Landsat alone, radar alone, and both sensors combined. The results indicate that the addition of radar to Landsat improves the classification accuracy by about 10 percentage points when the classification is performed on a pixel basis and by about 15 points when performed on a field-average basis. As with all crop-classification studies, these results pertain to the specific dates, geographic region, and crop categories.
I. INTRODUCTION OVER THE PAST several years, Landsat's Multispectral Scanners (MSS) have provided a continuous stream of multitemporal images for a large portion of the earth's surface.
The availability of such a data source has led to numerous investigations of the crop classification capabilities and limitations of optical sensors. One of the major conclusions of these studies is that, in order to achieve high correct classification rates, it is necessary to have uninterrupted (cloud-free) coverage of the area under investigation for successive passes. One way to rectify this interruption problem is to use radar, which effectively is immune to the presence of clouds in the atmosphere. If used in conjunction with optical sensors, radar can, potentially: 1) improve the crop classification rates under clear-sky conditions because it responds to the geometrical and dielectric properties of vegetation [1] -[41 differently than do optical sensors, and 2) serve as a "substitute" for optical sensors during cloud-cover conditions.
Several crop classification studies have been conducted using single-and/or two-date radar imagery [5] - [9] , but no investi-
gations have yet been reported in which periodic, repetitive coverage with imaging radar over the full growing season has been employed. The [4] and by incorporating system parameters (resolution, signal fading, etc.) and target parameters (slope, within-and between-field variance) in the simulation pro- cedure. However, a simulated image is inherently limited by the assumptions and statistical distributions used in its generation. The above study was extended a step further by evaluating the combined Landsat/radar multitemporal crop classification wherein the radar data consisted of simulated images of the same scene observed by Landsat's MSS [101. Again, the basic source of radar data was a truck-mounted radar. Similar studies also were conducted in Canada using single-date data acquired by airborne optical and radar scatterometer systems [11] .
In 1978, seven missions were flown by NASA/Johnson Space Center's C-130 aircraft over an agricultural test site near Colby, KS, in support of a soil-moisture investigation. Among the host of sensors used was a 13.3-GHz-radar scatterometer (nonimaging). To date, the data acquired in the first two flights have been processed by NASA/JSC and made available for analysis. These data are used in the present study to 1) investigate the statistical nature of the radar backscattering coefficient for bare ground and for three different croptypes, including within-field and between-field variations, and 2) evaluate the crop-classification rates obtained using Landsat alone, radar alone, and both combined.
II. EXPERIMENT DESCRIPTION The test site used for this investigation is located near Colby, KS, in the northwestern part of the state. The available radar data consist of backscatter measurements for seven flight lines, acquired by the NASA/JSC 13.3-GHz scatterometer from an altitude of 460 m above the ground. The scatterometer is a fan-beam Doppler system, VV polarized, and has a 2.50 beamwidth in the cross-track direction. The Doppler spectrum was processed to yield a 37-m resolution in the along-track direction. Although the scatterometer was used to measure the backscattering coefficient at several angles of incidence (relative to nadir) between 5 and 600, only the 500 data are used in this study in order to minimize the effects of soil moisture variations on crop identification. For 0 = 500, the resolutioncell size is 37 X 31 m. As the aircraft bearing the scatterometer flew across, the scatterometer measured the return from 10 contiguous cells within each field, with the field-size being approximately 400 X 400 m. In this study, the analysis is based on data for 36 fields (Table I) , for which detailed ground-truth information is available and which appear spatially "homogeneous" on aerial photography. Ground obser-0196-2892/82/0100-0042$00.75 © 1982 IEEE ZcIi~ ( 8) and the coefficient of variation for field i is
(9) For the NF fields of a given category, the average within-field
Values of CW, are given in Table II for each of the four categories.
2) Radar: Computation of the within-field variability due to natural variations within a given field is not as straightforward for the radar data as it is for the Landsat image. The reason is signal fading due to the partially coherent nature of the radar measurements. Thus the variability within a field is attributed to two statistical processes: natural variability and fading variability. The latter is governed by the radar measurement technique and therefore it is system dependent. If the radar measurements were made with an incoherent system or, equivalently, if the measurement is an average of a very large number of independent samples, then the only variability that would be observed among different cells of the same field would be due to natural variability.
The purpose of this section is to develop a probabilistic model for radar data, and use this model to analyze the withinfield variance in terms of variations in the true backscattering coefficient and the variations due to fading. The model is also used to design optimum classification procedures.
In a coherent radar system, the measured value of the scattering coefficient S is a function of the true scattering coefficient Y and fading component Z. It is well known that fading [13] , [ ZN(i, j) an independent, identically distributed sequence of random variables accounting for signal fading, ZN is described by a normalized x2 distribution with 2N degrees of freedom, E(ZN) = 1.
For N> 20, the x2 distribution approaches a truncated normal distribution and ZN may be described by ZN I+ZN>` (12) where X is a zero-mean random variable described by a truncated normal distribution such that ZN > 0.
To compute the variance of Yij for a given field i, we first convert (11) into an additive model by expressing the terms in decibels (dB) 10 log Sij-10 log Pi + 10 log Yi, + 10 log ZN (13) or S'.j = p + Y. + Z' (14) where S!. _ 10 log Si, and similarly for the other terms. The random variables Yi and ZN, accounting respectively for the natural spatial variability and for the fading variability, are governed by independent physical processes, and therefore they may be considered statistically independent. With '.(dB) being a constant for field i, the within-field variance of S1j(dB) is CT+2 = Uz}'T +° (15) The variance a' is computed from the measured values of As derived in the appendix, a 2 is related to Ou2 by 2 aUy=exp -1. \18. 5 (18) Using the values of oY,! computed earlier, ar, was obtained for each value of i using the above expression. The average of the estimated values of a over i is given in Table II for the four cover categories. The results given in Table II indicate that radar data exhibit much larger within-field variability compared to Landsat data. For each category, the total variance aT is estimated from
OT-NcrNf I i (19) where the averaging is performed over all S1 values, with j = 1, Ncr and i = 1, Nf. Thus a2 includes all sources of variance including fading, within field, and between field. The radar data used in our studies were obtained from flights on July 18 and 20, 1978 . Usually, one would not expect any significant additional information to be derived from the second flight, since it was in such close time proximity to the first one except, in this case, a rainfall of 1.9 cm occurred on July 19, 1978 , the day between the two flights. Hence, this occasion provides an opportunity to evaluate the effect of rain on crop-identification accuracy.
_-------_-------------------------------_--_--,_--__--__--_---__-_,--__
The cloud-free Landsat pass in closest proximity to the radar flights was on July 26, 1978, approximately a week after the radar acquisition dates. In the discussion below, the classification results obtained on the basis of the Landsat data above will be presented first, followed by presentations of the radar results and the results obtained using both types of sensors in combination.
A. Landsat Alone
A total of 1080 Landsat pixels were available for classification. Using a linear Bayes classifier, the results shown in Fig.  6 were obtained. On a single-band basis, Band 4 gave the best results with 67 percent of the pixels being correctly recognized. The addition of the other bands improved the classification accuracy to 75 percent. The crop confusion table for Band 4 alone is given in the top part of Table V. B. Radar Alone
The distributions of values for the field-mean scattering coefficient are shown in Fig. 7 for each cover category. Indicated on each vertical bar are the maximum, mean, and minimum values of 4. The increase in soil moisture on July 20, 1978, due to the rain on the previous day varied the range of values of ui4 for all categories except bare soil (fallow). For the entire data set as a whole, its mean value is 1.0 dB higher for the July 19, 1978 , flight than for the July 19, 1978 , flight. On a relative basis, the main effect of the rain is the greater overlap of the range of values of wheat stubble and fallow, which is likely to result in increased confusion between these two categories.
Single-date and multi-date radar classification results are shown in Fig. 8 , and the crop confusion tables are given in Table VI parison purposes, tests were performed using the four different classifiers indicated in Fig. 12 Cumulative classification results on a field-by-field basis, and the associated confusion table, are given in Fig. 11 . From (21) and (22) For a given field i, Yf'j (and therefore Yf;) is assumed to be normally distributed. Hence, the variance of Yi is given by [18] ay,= py [exp (ak) - 
